Conditional mutagenesis and fate mapping have contributed considerably to our understanding of physiology and pathology. Specifically, Cre recombinase-based approaches allow the definition of cell type-specific contributions to disease development and inter-cellular communication circuits in respective animals models. Here we compared Cx 3 cr1 CreER and Sall1 CreER transgenic mice and their use to decipher the brain macrophage compartment as a showcase to discuss recent technological advances. Specifically, we highlight the need to define the accuracy of Cre recombinase expression, as well as strengths and pitfalls of these particular systems that should be taken into consideration when applying these models.
Introduction
Preclinical studies in laboratory animals have yielded valuable insight into the complexity of multi-cellular organisms, including specific physiological intercellular communication circuits.
Moreover, the analysis of dedicated mouse models can provide critical mechanistic insights into specific pathologies. Transcriptome profiling, both at the population and more recently the single-cell level, allows the inference of functional states of specific cell types and definition of responses to stimuli to formulate informed hypotheses. Complementary cell ablation and gene ablation (mutagenesis) strategies enable testing of the latter by probing specific cell and gene functions in physiological in vivo contexts. Many of these in vivo approaches rely on Cre / loxPmediated gene manipulation [1] , which itself requires cell type-restricted transgenic expression of a constitutive or conditionally active Cre recombinase [2] . Here we provide a case study for the investigation of murine brain macrophages, a particularly challenging area, comparing the performance of two CreER transgenic mouse lines and highlighting pitfalls and strengths of each model.
Brain macrophages have emerged as major players in central nerve system (CNS) physiology and pathophysiology (Prinz, Jung, Priller, in press) . CNS macrophages comprise parenchymal microglia and border associated macrophages (BAM) that are associated with the meninges, choroid plexus and perivascular niches [3] , [4] . Fate mapping studies suggest that with the exception of choroid plexus resident cells, murine CNS macrophages are derived from an early wave of hematopoietic precursors without receiving further contributions from hematopoietic stem cells throughout the life of the organism.
Mice expressing reporter genes or Cre and CreER recombinase transgenes under the control of the promoter driving expression of the CX 3 CR1 chemokine receptor have been widely used to study microglia [5] - [10] . Of note, while Cx 3 cr1 is highly expressed in microglia in the CNS, expression is not restricted to these cells, but also found in non-parenchymal macrophages at CNS border locations [3] , [11] . Moreover, the Cx 3 cr1 promoter is also transiently active during neuroectodermal development [12] , and in peripheral immune cells including myeloid precursors [13] , [14] , as well as DC subsets, T cells and NK cells [15] , [16] .
Sall1, a member of the Spalt ("Spalt-like" (Sall)) family of evolutionarily conserved transcriptional regulators has emerged as marker that distinguishes bona fide parenchymal microglia from BAM [17] and even from parenchymal brain macrophages that seed the brain following engraftment [18] [19] . Accordingly, Sall1 CreER animals [20] were proposed to be more specific for the genetic manipulation of microglial cells [17] , [21] . Earlier studies though reported Sall1 expression also for other glial cells in the CNS [22] , as well as the kidney mesenchyme [20] .
Here we report a comparative analysis of Cx 3 cr1 CreER and Sall1 CreER transgenic mice for the study of brain macrophages, using RiboTag-based translatome profiling, as well as histological and flow cytometric analyses of reporter animals. Providing a case study for the recommended accuracy assessment of CreER transgenic animals, we discuss advantages and limitations of these models, as well as potentially useful tamoxifen-independent applications.
Results and Discussion

Translatome analysis of CNS cells expressing CreER transgenes under Cx 3 cr1 or Sall1 control
We recently used the RiboTag approach [23] to determine the cell specificity of Cx 3 cr1 Cre and Cx 3 cr1 CreER mice [12] . Specifically, Cre-mediated deletion of a loxP-flanked ('floxed') wild type exon induces the expression of a hemagglutinin (HA) epitope-tagged ribosomal subunit (RPL22), thereby permanently marking defined cells. Moreover, HA-tagged ribosomes can subsequently be immunoprecipitated from crude whole tissue extracts with anti-HA antibodycoupled magnetic beads enabling the pull down of cell-type-specific ribosomal attached mRNA.
To define the CNS cell types targeted by Cx 3 cr1 CreER and Sall1 CreER transgenic mice in an unbiased way that does not rely on cell retrieval, we used the RiboTag approach on brains of Cx 3 cr1 CreER : -and Sall1 CreER :Rpl22 HA mice, 9 weeks post tamoxifen (TAM) treatment ( Fig. 1A) .
Specifically, we performed direct immunoprecipitation (IP) with either anti-HA ('HA IP') or IgG isotype antibody as control ('IgG IP') and compared transcriptome and translatome of sorted microglia (Ly6C/G -CD11b + CD45 int ) by taking all sorted cells ('Sort') or performing IP with anti-HA on sorted microglia ('Sort / HA IP'), respectively. Principle component analysis (PCA) of the RNA-seq data revealed that as expected, the two mouse strains displayed considerable overlap in IgG control IPs from the crude extracts, and in all the sorted samples. In contrast, however, the HA IP samples of the Cx 3 cr1 CreER :-and Sall1 CreER :Rpl22 HA brains showed considerable differences ( Fig. 1B) . To investigate the underlying reason for this discrepancy we performed a hierarchical K-means clustering which highlighted four clusters of genes enriched in the HA IPs compared to the IgG IPs (Fig. 1C) . This identified 4370 differentially expressed genes (fold change>2, p-adj<0.05). Clusters II and III comprised genes that had previously been noted to be associated with microglia, including HexB, Tmem119, Cx3cr1 and Sall1. Notably, although Cx3cr1 and Sall1 are heterozygous in the Cx 3 cr1 CreER :-and Sall1 CreER :Rpl22 HA mice, respectively, both mRNAs were significantly enriched in both samples (Fig. 1C, E) . Reduced enrichment of Cx 3 cr1 mRNA in Sall1 CreER :Rpl22 HA CreER mice is likely related to the abundant expression of HA-tagged ribosomes in oligodendrocytes and astrocytes in these animals, which saturated the system. Surprisingly, HA IP samples of Sall1 CreER brains displayed a prominent additional signature of 1,100 genes (cluster IV), that was absent from the HA IP samples of Cx 3 cr1 CreER brains. Comparison of this gene list to published CNS cell expression signatures that were based on sorted cell populations [22] , revealed that it is comprised of mRNAs associated with neurons, astrocytes and oligodendrocytes ( Fig. 1D) .
As reported earlier, Cx 3 cr1 CreER transgenic animals display rearrangements in BAM [6] , [12] , [24] , and BAM signature genes such as Lyve1 and Pf4 were hence found enriched in HA IP samples of their brain (Fig. 1F) . In contrast, and in line with an earlier report [17] , HA IP samples of Sall1 CreER brains were de-enriched for the BAM signature genes.
Collectively, these data reveal that rearrangement in Sall1 CreER :Rpl22 HA mice while sparing BAM, are not restricted to microglia but also include neurons and other glia. This finding corroborates the earlier notion [12] of the validity of the RiboTag approach to determine the accuracy of Cre and CreER transgenic mouse lines.
Histological and flow cytometric analysis of CNS cells expressing reporter genes
following Cx 3 cr1 CreER or Sall1 CreER activation.
To complement the translatome analysis with histology and flow cytometric analyses, we analyzed Cx 3 cr1 CreER :-and Sall1 CreER :R26/CAG-tdTomato reporter animals. In line with published data (Goldmann et al., 2013; Goldmann et al., 2016) [12] , reporter gene expression in Cx 3 cr1 CreER :R26/CAG-tdTomato mice was restricted to microglial cells and BAM, as identified by Iba1 staining (data not shown) [12] . In contrast, brain sections of Sall1 CreER :R26/CAG-tdTomato mice stained with IBA1, and Sall1 CreER :R26/CAG-tdTomato:Cx 3 cr1 GFP mice displayed abundant red fluorescent in parenchymal non-microglial cells along with tdTomato + microglia, as well as tdTomato + cells with neuronal morphology (Fig. 2, Suppl Fig. 1) . These results were confirmed by a complementary analysis of brains of Sall1 CreER :R26/CAG-YFP animals, including a quantification, which revealed that reporter gene expression was restricted to parenchymal microglia, absent from macrophages in perivascular niches, meninges and choroid plexus, but also prominent in Sox9 + astrocytes (Suppl Fig. 2) .
For the flow cytometric analyses we included the astrocyte-specific Aldh1I1 CreER :R26/CAG-tdTomato mice as a control [25] (Fig. 3A) . Macroscopic analysis of brains of Cx 3 cr1 CreER :-, Aldh1I1 CreER :-and Sall1 CreER :R26/CAG-tdTomato mice revealed differential red fluorescent label, with preferential red labelled olfactory bulbs in Sall1 CreER :R26/CAG-tdTomato mice that was not visible in the two other lines ( Fig. 3B) . Confirming earlier RiboTag results reported for these animals [25] , brains of Aldh1I1 CreER :R26/CAG-tdTomato animals revealed negligible rearrangements in CD11b + CD45 int microglia cells ( Fig. 3 C, D, E) . As previously reported [6] , [12] , [24] , Cx 3 cr1 CreER :R26/CAG-tdTomato mice showed exclusive reporter gene expression in CD11b + CD45 + cells, comprising microglia and BAM. In contrast, Sall1 CreER :R26/CAG-tdTomato mice displayed a prominent population of labeled CNS cells negative for the pan hematopoietic marker CD45 that likely represent astrocytes and oligodendrocytes ( Fig. 3C, 
D, E).
Of note, unlike the RiboTag approach or histology, analysis of the CreER transgenic mice crossed to reporter mice by flow cytometry, depends on the isolation of cells and analysis of single cell suspension. Different isolation protocols can yield distinct populations and can hence provide distinct and potentially misleading results.
Specific rearrangements in long-lived cells of CreER transgenic animals in absence of tamoxifen treatment
While Cre transgene negative animals never showed activations of the reporter genes, we noted rearrangements in absence of tamoxifen (TAM) treatment when analyzing the various CreER transgenic mice by FACS and immunostainings ( Fig. 4B, C, D) . This is in line with an earlier report on Cx 3 cr1 CreER mice that harbored a different 'floxed' allele [26] and our recent more detailed RiboTag analysis of these animals [12] . In the CreER transgenic approach that was originally introduced by the Chambon group [2] , a Cre / estrogen receptor (ER) fusion protein is kept latent in the cytoplasm through binding to heat shock protein 90 (HSP90) [27] . Addition of the estrogen analog TAM frees the recombinase to translocate by virtue of its engineered nuclear translocation signal (NLS) to the nucleus and find the genomic DNA target (Fig. 4A) . As would be expected, this system is not absolutely tight. Spontaneous nuclear CreER translocation and TAM-independent rearrangements in this model depend on the tightness of the retention and can accordingly be further suppressed by addition of two ER domains [28] .
The frequency of TAM independent rearrangements is likely further affected by CreER / HSP90 ratio and the amount of CreER protein present in the given cells, which is governed by the promoter driving the CreER transgene. Another factor, with particular relevance for the long-lived microglia and BAM analyzed in this study, is the time window of CreER expression. TAM independent rearrangements compromise time course experiments and can have direct implications on the interpretation of CreER-based fate mapping studies. Of note however, these spontaneous TAM independent rearrangements are nevertheless specific for the cell types in which the CreER is expressed. Thus, spontaneous rearrangements in Cx 3 cr1 CreER :-and Sall1 CreER :R26/CAG-tdTomato mice are for instance restricted to the same populations that are also targeted in presence of TAM ( Fig. 4B, C, D, Suppl Fig3B ). If incomplete rearrangements are sufficient for the particular question asked, such as in the case of reporter gene activation for intra-vital imaging, avoidance of TAM treatment, which is known to have considerable side effects [29] , could be advantageous.
Concluding remarks
The present comparative analysis of Cx 3 cr1 CreER and Sall1 CreER transgenic mice and their application for the study of the murine brain macrophage compartment provides a showcase highlighting strengths and limitations of the available tools. As always, each model has its limitations and particular intricacies the user needs be aware of for the design of the specific experimental set up and the question asked. The study of brain macrophages has been challenging, starting with the observation that the popular LysM Cre animals, that are often used for the study of peripheral myeloid cells, and were hence used to target microglia, show considerable rearrangements in neurons [30] . Here, we establish that also neither Cx 3 cr1 CreER nor Sall1 CreER transgenic mice specifically target microglia: Cx 3 cr1 CreER animals display in addition rearrangements in non-parenchymal CX 3 CR1 + CNS macrophages, while Sall1 CreER transgenic mice show prominent recombination in the neuro-ectodermal lineage. These findings are of particular relevance when these animals are used for conditional mutagenesis with 'floxed' alleles. Of note though, candidate gens to be targeted can display restricted expression, such as for instance for the hematopoietic lineage, and even phenotypes obtained with the rather promiscuous lines, such as Sall1 CreER transgenic mice, can hence be assignable to celltype specific deficiencies. Furthermore, imaging studies using CreER mice with the respective reporter animals are less affected by this promiscuity, since they can rely on anatomic or morphologic information for the further definition of cells. Likewise, TAM-independent rearrangements in CreER transgenic mice do not compromise these approaches, since the recombination remains cell-type restricted. TAM-independent rearrangements should however be taken into account when performing fate mapping experiments as they can significantly confound the interpretation of the results.
As for tools targeting specific CNS macrophage subpopulations, it remains unclear whether promoters can be identified that display sufficiently restricted activity, including CNS development and the periphery. Alternatively, transgenic approaches that build on the intersection of two promoters that display overlapping activities could be pursued [31] . This could for example include binary transgenic mice expressing 'split cre' fragments under Sall1
and Cx 3 cr1 promoters that according to our data will spare BAM and neuroectoderm, but specifically target microglia. Approaches like these will likely profit from the advent of single cell transcriptomics [11] , [32] , which can provide valuable data bases for mining (http://mousebrain.org/genesearch.html; http://www.brainimmuneatlas.org). Taken together, our study calls for the informed use of constitutive and conditional Cre recombinase transgenic animal models to avoid technical pitfalls and fully capitalize on their full potential.
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Materials and Methods
Animals
Mice used in this study comprised Cx 3 cr1 CreER mice (JAX stock # 020940 B6.129P2(C)-Cx3cr1 tm2.1(cre/ERT2)Jung /J); R26-CAG-tdTomato mice (B6.Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J) [33] , Sall1 CreER mice [20] , RiboTag flox mice (JAX stock # 011029 B6N.129-Rpl22 tm1.1Psam /J) [23] and Rosa26 YFP mice [34] . All animals used in this study were in C57BL/6JOlaHsd background and bred at the Weizmann Institute animal facility. The mice were maintained on a 12 hour light/dark cycle, food and water with provided ad libitum. Animals were maintained under specific pathogen-free (SPF) conditions and handled according to protocols approved by the Weizmann Institute Animal Care Committee IACUC as per international guidelines.
Tamoxifen treatments
To induce gene recombination in CreER transgenic mice, tamoxifen (TAM) was dissolved in warm corn oil (Sigma) and administered orally via gavage for four times every other day. All animals were TAM-treated first at 4-6 weeks of age. Each oral application consisted of 5 mg at a concentration of 0.1 mg/µl. Mice were sacrificed at 7-14 weeks post-TAM treatment as indicated.
Microglial cell isolation procedure and RiboTag immune-precipitation
Mice were anesthetized with Pental (300 mg/kg, i.p.) and transcardially perfused with PBS.
Microglial cells were isolated and sorted as described in [12] . For RNA sequencing of the directly RNase free DDW) for the Ribotag immunoprecipitation step. Ribotag immunoprecipitation was performed on sorted microglial cells and directly homogenized brain tissue as described in [12] .
Ribosome-RNA complexes were eluted from Protein G beads (Invitrogen) into L/B buffer (mRNA DIRECT isolation kit, Invitrogen) and frozen at -80°C.
RNA-sequencing
Messenger RNA (mRNA) was isolated from the samples using the mRNA DIRECT isolation kit, (Invitrogen). A bulk variation of MARS-seq [35] was used to construct RNA-seq libraries. Final library concentration was measured with a Qubit fluorometer (Invitrogen) and mean fragment size was determined with a 2200 TapeStation instrument. RNA-seq libraries were sequenced using Illumina NextSeq-500. Raw reads were mapped to the genome (NCBI37/mm9) using hisat (version 0.1.6). Only reads with unique mapping were considered for further analysis. Gene expression levels were calculated using the HOMER software package (analyzeRepeats.pl rna mm9 -d <tagDir> -count exons -condenseGenes -strand + -raw) 6. Normalization and differential expression analysis was done using the DESeq2 R-package 30. Differential expressed genes were selected using a 2-fold change cutoff between at least two populations and adjusted pValue for multiple gene testing < 0.05. Gene expression matrix was clustered using k-means algorithm (matlab function kmeans) with correlation as the distance metric. Heatmaps were generated using Genee software.
Mixed glial cell isolation procedure for FACS analyses
Mixed glial cells were isolated according to a protocol adapted from [36] , [37] . Briefly, brains were dissected, crudely chopped and incubated in a solution containing BSA (Sigma), papain (Worthington) and ovomucoid trypsin inhibitor (Worthington), shaking at 80 rpm for 40 minutes at 37°C. Following the incubation, a solution containing EBSS (Sigma), DNase (Sigma), D(+)-Glucose (Sigma) and NaHCO 3 was added and homogenates were filtered through a 150µm mesh. Filtrates were subsequently centrifuged at 600g for 5 minutes at 4°C. The cell pellet was resuspended with 30% percoll solution (Sigma) and centrifuged at 600g without acceleration or deceleration, at room temperature for 25 minutes. Next, the cell pellet was washed in PBS and passed through an 80µm mesh, followed by antibody (Ab) labeling and flow cytometric analysis.
Flow cytometry
Antibodies against CD11b (M1/70), Ly6C/G (Gr-1) (RB6-8C5), CD45 (30-F11) purchased from Biolegend were used at concentration of 1:200 for staining. Analysis was performed on Fortessa (BD Biosciences, BD Diva Software) and analyzed with FlowJo software (Treestar).
Immunohistology
Mice were anesthetized with Pental (300 mg/kg, i.p.) and transcardially perfused with PBS. Brains were dissected and fixed with 2% PFA overnight at 4ºC, and then incubated in 30% sucrose for at least 48h at 4ºC. Samples were embedded in optimum cutting temperature compound (OCT), and snap-frozen in isopentane precooled with liquid nitrogen. Sampled were cut into 20 µm sections at -20ºC cryostat. Brain sections were washed with PBS, blocked and permeabilized with 1% BSA and 0.3% Triton in PBS at room temperature for 1 h. Brain sections were stained with rabbit anti-Iba1 (019-19741, Wako) overnight at 4ºC. Sections were washed three times for 5 min each at room temperature followed by staining with anti-rabbit secondary antibody (711-605-152, Jackson laboratories) for 2 h at room temperature. Nuclei were stained with DAPI (Sigma) for 5 min. Images were acquired with Zeiss LSM 880 confocal microscope and analyzed with Imaris (Bitplane). 
Figure legends
